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1. INTRODUCTION 
This report presents the resu l t s  of a laboratory experiment i n  convection 
flow through a phase change, across which t h e  density changes and l a t e n t  
heat i s  released. The working f l u i d  is a nematic l iqu id  c r y s t a l  t h a t  under- 
goes a f irst-order phase change at convenient temperature and pressure. The 
addition of s f irst-order phase change t o  t h e  convection flow makes t h e  problem 
much more in teres t ing ,  because i n  addition t o  the  thermal buoyancy gBAT there  
are two more sources of buoyant accelerat ion,  i.e., t h e  l a t e n t  heat re lease  
and density difference across t h e  phase boundary. Thus, i n  addit ion t o  t h e  
ordinary Rwleigh number % = ATBg d3/vr, the re  a r e  two other, very similar  
parameters. When the  imposed temperature difference, AT, i s  replaced by t h e  
temperature t h a t  is character is t ic  of the  l a t e n t  heat re lease ,  L/c the  
P ' 
governing parameter is R = (L/cp)Bg d3/vr. And when t h e  density difference L 
across t h e  phase boundary, Ap , is  used, the  parameter is  R = ( ~ p / p  ) g d3/vr. AP 
In  the  above, B is the  expansion coefficient ,  g i s  gravi ty ,  d is t h e  layer 
depth, v and K are  t h e  diff 'usivi t ies  of momentum and heat ,  L i s  t h e  l s t e n t  
heat ,  and c is the  speci f ic  heat a t  constant pressure. 
P 
The phase-change convection problem is  fur ther  complicated by the  f a c t  
t h a t  there  a re  two possible geometries, even i n  the  thermally unstable case 
(lower boundary hot ter ) .  When the  l i g h t e r  phase is present near the  lower 
boundary, increases of both RL and R are  des tabi l iz ing;  i .e . ,  an increase AP 
i n  e i t h e r  parameter is similar  t o  an increase i n  % and brings t h e  flow closer  
t o  t h e  point of marginal s t a b i l i t y .  The l a t e n t  heat e f fec t  i s  due t o  t h e  
release of l a t e n t  heat i n  t h e  hot updraft regions, and t h e  density e f fec t  
occurs because t h e  basic s t a t e  is s t a t i c a l l y  unstable, i.e., t h e  Rayleigh- 
Tqylor geometry. When the  heavier f l u i d  l i e s  near the  h o t t e r  lower bound-, 
increasing RL i s  now s tab i l i z ing ,  since i n  the  uperafts  l a t e n t  heat is  taken 
in. I n c n u i ~  Rb i8 destabi l i t in6,  mince th. phame bound y opposite 
t o  t he  ver t ica l  motion ro t h a t  g r w i t y ,  tending t o  f l a t t e n  out the  p h u e  
b o u n w ,  induces upward motion in the  region of updraft. The latter effect  
fint rhown by Bwse and Schubert (1971), who drmonrtrated t h a t  the  
phwe boundery i n  t h i e  case WM not the  bar r ie r  t o  motion t h a t  h d  been 
prev lou ly  supposed (~nopoff  ,1961). In  the  preceding descriptions, i t  is  
~ s u m e d  that  the  la ten t  heat i r  released when the  f l u id  goes f rom t he  l igh te r  
(higher temperature o r  lower pressure) phase t o  the heavier one, so  t ha t  the  
heavier-above case applies t o  laboratory experimcnta where canpressibil i ty 
effects  are negligible and the  heavier-below caae t o  the  geophysical flows 
where such effects  dominate. 
Convection flows i n  which a f lu id  i s  thermally driven (~eyle igh-~enard)  
and undergoes a phase change o r  i n  which two immiscible fluids are driven 
by a density discontinuity (~ey le igh -~ay lo r  ) have a number of in teres t ing 
applications t o  geophysics, meteorology, and astrophysics. Thermal convection 
through a phase boundary has been used t o  look at the  problem of mantle con- 
vection tha t  occurs i n  the presence of an olivine-spinel phase change a t  
400 lrm (~chuber t  and Turcottt,  1971). The unstable two-fluid system has 
been used t o  explain the formation of geological structures such as salt 
dome8 (Whitehead and Luther, 1975 ). In  meteorology the  la ten t  heat release 
due t o  phme change is a crucial  par t  i n  the description of cumulus convection 
aud i n  cel lular  convection over the  ocean, especially the closed-cell hexagonal 
convection occurring i n  marine stratocumulus layers (Schubert , e t  al., 1979). 
In  astrophysical f l o w  the phase change process can be used t o  model convective 
flow8 i n  which heat is  released from nuclear reactions or f l u id  propertie8 
changed due t o  ionization  piege gel, 1972). 
The experiments reported here arc necessari ly l imited t o  t h e  heavier- 
above c u e ,  s o  t h e  l i g h t e r  phase must be present a t  t h e  h o t t e r  lower boundary. 
Therefore, the conditions t h a t  can be examined are:  thermal convection i n  
e w h  phase separately, convect ion  with negligible thermal gradient and unstable 
phase boundary, and t h e m a l  convection including phaae chmge. The goal of 
t h e  vork is t o  analyze t h e  unique laboratory f l u i d  flows obtained i n  t h e  pre- 
sence of a phase chemge. We w i l l  a l s o  see i f  t h e  results, o r  other  experiments 
using these f l u i d s ,  can be used t o  understand geophysical flms with phase 
change. 
We begin with thermal convection i n  each phase, a l s o  giving a b r i e f  
review of t h e  f l u i d  dynamics of nematics, and then proceed t o  consider i n  
tu rn  each of t h e  other  cases possible i n  the  laboratory. 
2. THERMAL CONVECTION IN A SINGLE PHASE 
The working f l u i d  i n  t h e  experiments described below exhibi t s  a f i r s t -  
order phase change, i .e., one i n  which the  density changes and l a t e n t  heat  
is released. Above the  phase-change temperature the  material  is an ordinary 
i so t ropic  f l u i d ,  and belov it is  a nematic l iqu id  crys ta l .  Since w e  a r e  
in teres ted  primarily i n  t h e  phase change, the  experimental configurat ior  and 
operating conditions w i l l  be chosen t o  minimize the  e f f e c t  of t h e  unique 
d s o t r o p i e s  of the  nematic phase. The single-phase experiments are pre- 
rented both t o  provide a basel ine with which t o  compareehetwo-phase r e s u l t s  
and t o  i l l u s t r a t e  t h a t t h e  nematic tmieotropies do not grea t ly  a f fec t  t h e  
obrerved flows. 
2.1 Nematodynamics 
A nematic l iqu id  c rye ta l  is an anisotropic l iqu id  made of long, rod-like 
moleculer t h a t  can be aligned along one d i rec t ion ,  designated by a u n i t  vector =. 
l o  chaage i n  propert ies  is observed when +-z. When aligned, the  direct ion 
of molecular or ienta t ion  i e  e a s i l y  determined, s jnce  t h e  material  is  birefr ingent .  
The thermal and e l e c t r i c a l  conductivity, index of refYaction, and v iscos i ty  all 
depend on the  or ienta t ion  of - n r e l a t i v e  t o  t h e  d i rec t ion  of propagation. Unlike 
i so t rop ic  f lu ids ,  nematics can r e s i s t  torques e l a s t i c a l l y .  The amount of s t a t i c  
torque present i n  the  f l u i d  depends on t h e  curvature of g. The molecules can 
be aligned by imposing an e l e c t r i c a l  o r  magnetic f i e l d ,  by su i t ab le  treatment 
of t h e  confiaing boundaries t h a t  is coupled t o  the  i n t e r i o r  by t h e  s t a t i c  torques, 
o r  by sheare i n  the  f lu id .  It is t h e  l a s t  method of or ienta t ion  t h a t  w i l l  be of 
i n t e r e s t  i n  the  present case. 
The s t r e s s  tensor of nematic f lu ids  contains four v iscos i ty  coeff ic ients  
i n  addition t o  t h a t  of ordinary i so t ropjc  f lu ids .  It is  a l so  a function of - n 
(see  deGennes, 1974). The method of solut ion is  t o  solve the  ordinary Navier- 
Stokes equations fo r  viscous flow, using the  more complicated nematic s t r e s s  
tensor,  together with an addi t ional  d i f f e r e n t i a l  equation f o r  = t h a t  is the  re- 
s u l t  of adding the  torques on the  molecules due t o  imposed f i e l d s ,  s t a t i c  torques, 
and f l u i d  shears. When the re  are only small deviations i n  fl from the  value de- 
termined by an imposed f ield,  the  analysis  is considerably simplif ied,  and a 
number of d i f ferent  flows have been solved. Shear i n s t a b i l i t i e s  ( ~ u b o i s - ~ i o l e t t e  
a d  Manneville, 1978) and thermal convection ( ~ u y o n  and Pieranski,  1974) i n  th in  
horizontal  layers  with p a r a l l e l  t o  the  confining boundaries both give r e s u l t s  
t h a t  a r e  unique t o  nematics. Thermal convection i n  a t h i n  v e r t i c a l  s l o t  when = 
i e  normal t o  t h e  confining boundaries has been solved by Horn, et al. (1976) f o r  
the  case when the  or ienta t ion  is due t o  s t a t i c  torques and by F i t z j a r ra ld  and 
Owen (1979) when tin e l e c t r i c a l  f i e l d  is  imposed by a feedback c i r c u i t .  The key 
t o  these  successhrl so lu t ions  has been tha t  the  f l u i d  e x i s t s  i n  a t h i n  l ~ e r  S O  
t h a t  the re  a r e  only small deviations from a constant imposed a. 
contraat, the present experiments are  i n  thick leyerr ,  i .e., too thick 
for  orientation a t  the boundaries or external fieldlr t o  affect  the  in te r io r  of 
the  fluid. Thus, the  only orienting mechanism left is t h a t  of shear, and the  
~ E I C ~  t o r w  (see deGenne8, M4) vill align the  moleculem so t ha t  = 1. 
p a r d e l  t o  the direction of motion, i .e.,  no& t o  t he  ehear. The p r i w  
effect of t h i s  orientation w i l l  be t o  specify the  effective viscosity coefficient. 
In  simple shear f.'.ow there are  three principal  v iscoei t ies  i n  a nematic, dc- 
pending on the angle between 11 and the  shear, These are i l l u s t r a t ed  i n  ~ i g u r e  1. 
Hear the  phase-change temperature a typical  room-temperature nematic v is approx- 
a 
iMte ly  the  stme as vi, the  isotropic value, while vb is about 251 l ess  than th i s  
value and vc is nearly double. So a t  the  onset of motion i n  a randomly oriented 
nematic, v is  s l ight ly  higher than i n  an isotropic f lu id ,  since it is the aversge 
of the  valuer, fo r  the three different orientations. As the  motion starts, f lu id  
ehears are effective i n  orienting q, so that  the value of viscosity becomes very 
close t o  Vb. Therefore, there must be a s l igh t  decrease i n  viscosity aa the 
motion8 start. 
The thermal d i f h s i v i t y  is also anisotropic i n  a nematic, with the value 
of r /r - 1.5 for  room-temperature nematics. Here K 1 1 and K are the diffusiv- I! 1 I 
i t i e s  along and normal t o  n, respectively. It is c lear  that ,  because of the two 
snisotropic effects  --lowering of the  effective viscoaity and heat focusillg by 
the  anisotropic thermal diffusivity-the onset of motion in  a convective c e l l  
w i l l  be coneiderably different i n  a nematic than it is in  an ordinary isotropic 
f luid .  There should be a hysteresis, with motion continuing a t  lower Rt than tha t  
n e c e s e y  for i n i t i a t i on  of motion. Once the motion has s ta r ted  with Rt greater 
than the i n i t i a t i ng  value, however, the flaw should be very similat t o  tha t  of the 
iootropic phase. In t h i s  case the viscosity becomes very nearly Vb, and since the 
convective heat t ransfer  is  greater than the conductive part, the  conduction 
mirotropy i r  nut 4 dominant effect .  
Figure 1 .  Sketell of  thc  threc  principal  v i scos i t  ics,  
v,, vh, v c ,  in a nematic.  
In the experiments to follOW, the Peculiarities of nematics will be avoided 
by concentrating on the finite-amplitude flows that exist once the flaw is well 
eetablishsd. It r ~ q y  be noted that the discussion given previously for a randn~lv 
oriented nematic is considerably different than for a well-oriented one. '.fi.en 
the maleculer are initially oriented by an external field or surface treabncnt 
eo that is parallel to the confining plates, the motion starts at Rt-1 instea1.f 
of Rt-1700 for an isotropic fluid, because of the heat-focusing effect of the 
conductivity anisotropy. Coupling of the heat focusing to the thermal convec- 
tion by n e w  of changes in s can also lead to oscillatory, or overstable con- 
vection became of the difference between the convection snd orientation time 
scales (~uyon, et al. , 1979). And when 2 is initially nonnal to the plates, 
convective motions can occur when the fluid is heated from above (Guyon and 
Pieranski, 1974 ) . 
2.2 Description of Experiment 
A sketch of the apparatus is shown in Figure 2. The fluid is confined by 
meam of glass plates in a horizontal layer 45 mm diameter by 6.4 mm deep. 
Water ir circulated to keep the confining plates at constant temperature. Con- 
ductivity of the glass is approximately 6 times that of the worl:..ng fluid, and 
the water flow rates are large enough so that nearly an isothermal boundary 
condition is maintained. The working fluid is a cyanobiphenyl, K-15 from BDH 
Chemicals. It is nematic from 22.5'~ to 35'~ and is very stable, being resis- 
tant to degradation by moisture, exposure to the atmosphere, md uv radiation. 
Unfortunately, 3ot all the physical constants are known. The values should 
not be significantly different from those of other room-temperature nematic6 
(such ere MBBA--more widely studied, but much less stable), so that estimates 
/J 65 mn din glass plates 
water bath 
Teflon 
spacer 
water bath 
Figure 2. Sketch of convection cell. 
based on ouch typ ica l  values should be appl icable  t o  K-15. The physical  
proper t ie& of i n t e r e s t  t h a t  s r e  known f o r  K-15 a re :  
where n and n a r e  t h e  extraordinary and rdinary ind ices  of re f rac t ion .  Prop- 
e 0 
e r t i e e  of MBBA t h a t  should be approximately t h e  same arr K-15 are :  
We see t h a t  Ap/p and L/c both a r e  approximately equal  t o  a 2 ' ~  change i n  f l u i d  
P 
temperature. Using t h e  preceding values,  ve  f i n d  t h a t  AT = roc i s  enough 
t o  make I$,1700 and i n i t i a t e  t h e m a l  convection. We f i n d  t h a t  motion starts 
with A T , ~ . ~ O C  i n  t h e  i sq t rop ic  r'.ase just above t h e  t r a n s i t i o n ,  s o  t h a t  t h e  
above values must be c lose  t o  t h e  t r u e  values. We in tend  t o  avoid t h e  region 
near c r i t i c a l  F$, so  t h a t  8 more p rec i se  value of t he  constants  i s  not nec- 
essary. 
2.3 Thermal Convection i n  One Phese Alone 
With only one phase present and an unstable  tLmperature grad ien t ,  t h e  
fami l i t r*  Reyleigh-Benard r e s u l t s  a r e  obtained. Convection r o l l s  a r e  observed 
when &T a c c e d e  some c r i t i c a l  value,and t h e  r o l l e  a r e  c i r c u l a r  because of t h e  
c i r c u l a r  symmetry of t h e  experiment with downflow near t h e  outer  edge. Upflov 
occur6 a t  t h e  center  of t h e  experiment with 3 wave8 across  the  diameter, corres- 
ponding t o  8 wavelength A 1 2.3 d. However, t h e  l imi t ed  abnect r a t i o  and t h e  
necessity of having an integer number of wave8 in the experiment preclude8 
making any general conclusions from this measurement of the wavelength. Flow 
visualization in the clear isotropic (lighter) phase ie by shadowgraph and 
interferometer that show the temperature distribution in the layer. In the 
liquid crystal (heavier) phase, the birefringence allows observation of the 
fluis motions. As soon as motion starts, the molecules line up along the 
direction of motion due to the action of shear torques on - n. %us, the fluid 
appears clear in the regions where it is moving directly toward or away from 
the observer, i.e., the hottest and coldest part of the convection rolls. In 
the region where the fluid is moving ncne--1 to the direction of viewing, the 
fluid appears opaque. 
A photograph of the transmitted light is shown in Figure 3 for the condi- 
tions when AT = 2'~ and the hotter temperature is Just below the phase-change 
temperature, Tc. Upflow at the center and second ring with downflow at the 
first ring and the outer edge is confirmed by direct observation with a stereo 
microscope. With the same AT and the coldest temperature Just above Tc, i.e., 
in the isotropic phase, the thermal pattern is seen to be just the same as for 
the heavier phase. A photograph of the interference pattern is shown in Figure 
4, where the wider spacing between bright lines indicates colder temperatures. 
Careful obsem.. tion of the interference  att tern (and the associated shadowgraph) 
indicates that the diameter of the coldest part of the convection roll is Jus? 
the same as for the other phase. A roll-like pattern is always observed in 
thermal convection in just one phase. When the rotational symmetry of the 
flow is disturbed by inverting the cell and shaking it, the roll pattern that 
occurs once the layer is returned to horizontal is no longer circular. Sinuous 
roll8 with spacing A-2d are observed that are. similar to the photographs of 
Willis and Somerville (1972) for convection in a rectangular geometry. 
Ftfium 3. Thermal ro~lvcct i on  i n  l iq lr ld  c r y s t a l  p l l n ~ e  alone. I T  = 2°C. Ts;~nxml ~t t - 4 1  
l i ght  is allown. Rrighter areas are due t o  hirefringenrt- of tlir 
l i q u l d  crystal. Molecules are oriented hy thr f l u i d  a h c n r d .  1 1  
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The c i rcu la r  thermal pa t tern  of the  Convection r o l l s  is f i r s t  seen i n  t h e  
l i g h t e r  phase when A T ; ~ . S ~ C .  When AT zOc, the  r o l l s  arc vigorous and t h e  thermal 
pa t t e rn  10 qui te  d i s t i n c t  . I n  t h e  heavier l iquid-crys ta l  phase t h e  r o l l  pa t tern  
is  seen t o  start a s  AT is ra i sed  above 0.5'~ and t o  p e r s i s t  once s t a r t e d  u n t i l  
AT is lovered t o  0.3Oc. It appears, therefore, t h a t  t h e  a n i ~ o t r o p i e s  cr t h e  
l iquid-crystal  phase have lowered the  c r i t i c a l  temperature s l i g h t l y ,  but t h e  
two visual iza t ion  techniques do not necessarily have t h e  same threshold, s o  s 
d e f i n i t e  conclusion cannot be made. The hys teres is  t h a t  occurs i n  t h e  liquid- 
c r y s t a l  phase is  very s l i g h t ,  being almost within the  preciaion of t h e  tempera- 
ture measurement. 
Certainly, the  e f fec t s  of anisotropy are not grea t  and do not r e s u l t  i n  a 
qua l i t a t ive ly  d i f ferent  flow as  is the  case f o r  uniformly oriented l iqu id  crys ta ls .  
With AT = 2 ' ~  the  convection flow is  the  same i n  e i t h e r  phase, a s  nearly as can 
be determined. It i s  thus infer red  t h a t  the  l iquid-crystal  miso t rop ies  have 
only a s l i g h t  e f fec t  on t h e  f l u i d  motions t o  be described below. 
3. RAYUIGH-TAYLOR INSTABILITY I N  THE TWO-PHASE SYSTEM 
A s t a t i c a l l y  unstable condition can be produced i n  a nearly isothermal 
layer ,  e i t h e r  by s l i g h t l y  elevating the  lower temperature when t h e  whole f l u i d  
l aye r  is  i n  the  heavier phase jus t  below Tc, o r  by s l i g h t l y  lowering the  upper 
temperature when the  whole f l u i d  i s  jus t  above Tc. In  the  f i r s t  case 8 t h i n  
l aye r  of l i g h t e r  f lu id  forms a t  the  bottom and in the  second a t h i n  l eye r  of 
heavier f l u i d  forms a t  the  top. As the  depth of t h e  t h i n  l aye r  g e t s  l a rge r ,  
t h e  in ter face  is seen t o  became dis tor ted ,  f i n a l l y  leading t o  spouts of f l u i d  
ehwt ing  out of the  t h i n  layer .  The spout of unstable f lu id  thus formed be- 
comes the  center of 8 c e l l u l a r  pat tern t h a t  continues t o  have a convective 
flow. The flow is  quasi-steady with new c e l l s  s t a r t i n g  up and old ones dying 
out but  always with approximately the  same spacing. 
Figure 5 is a photograph of t h e  t ransmit ted l i g h t  of t h e  c e l l u l a r  pa t t e rn  
formed when the  lower temperature is  0 .1 '~  above Tc. The b r igh t  c i r c l e s  a r e  
regions of upshooting out  of t h e  l aye r  cf c l e a r ,  l i g h t  f l u i d  near  t h e  lower 
bolsdary. The slow r e t u r n  flow i s  along t h e  boundaries of t h e  ce l l . .  A parce l  
4 1 :  f l u i d  thus starts i n  t h e  l i g h t  phase, Shoots up i n  t h e  center ,  spreads out  
along t h e  s l i g h t l y  cooler  t o p  boundary changing t o  t h e  heavy phase, and then  re- 
ti.rms t o  the  center  of t h e  c e l l  t o  commence another t r i p .  Figure 6 is  t h e  cor- 
r r  eponding photograph of t h e  p a t t e r n  when t h e  upper boundary is  0 .1 '~  lower than 
T , t h e  darker c i r c l e s  now being t h e  downshooting heavier  f l u i d  at t h e  center  of 
t h e  c e l l s .  
A sketch of t h e  flow pa t t e rns  i s  presented i n  F i ~ u r e  7 ,  based on observa- 
t ions with the  s t e r e o  microscope. It i s  seen t h a t  s ink ing  motion is associated 
with changing from heavy t o  l i g h t  ( tak ing  i n  l a t e n t  h e a t ) ,  and r i s i n g  motion 
with changing from l i g h t  t o  heavy (giving o f f  l a t e n t  hea t ) .  This behavior i s  
as expected i n  t h e  q u a l i t a t i v e  discussion i n  t h e  in t roduct ion  and is  confirmed 
by watching t': phase-change process.  When AT = 0 and a pa rce l  of f l u i d  is 
chi!mging from heavy t o  l i g h t  (melting), it always s inks ;  and when it is  changing 
f r . m  l i g h t  t o  heavy ( f reez ing) ,  it always r i s e s .  Thus, spheres of heavy f l u i d  
t h a t  a r e  becoming l a r g e r  r i s e ,  and those t h a t  a r e  becoming smaller  s ink ,  when 
AT = 1.1. 
'~%e jyLi t ia t ion  of t h e  c e l l u l a r  motions is  described by t h e  a n a s i s  of 
Whitehead and Luther ( 1975 ) , who have analyzed t h e  lir.car and f inite-amplitude 
Rmylcigh-Taylor problem. The l i n e a r  r e s u l t s  f o r  P t h i n  l aye r  of unstable  f l u i d  
when the  v i scos i t i e s  a r e  equal a r e  t h a t  t h e  wavcnumber of maximum growth is t 
k 0 2n/A = 1.8/2h, and t h e  growth r a t e  i s  n = 0.15 g (Ap/p) h / . ~ ,  where h is  t h e  
dep,\ bf the t h i n  layer .  In  t h e  present case t h e  ca lcu la ted  time f o r  growth is 
Figure 5. Buoyant motions due t o  unstable interface, Upshoot ing plumes from the 
thin layer of Light f l u i d  near the lower boundary create cellular 
motion. AT = O.l°C. 
Figure 6 .  Buoyant motions due t o  unstable interface.  Downshoot ing p l r r m ~ s  from 
the  t h i n  layer of heavy fluid near the upper boundary creatr 
c e l l a  with davngoing centers. AT = O.l°C. 
hertier phase 7 r lighter phase 
a. Thin layer near lower boundary 
header phase l i gh ter  phase 7 
b. Thin layer near upper boundary 
Figure 7.  Sketch of cross section of fluid c e l l s  shown i n  Figures 5 and 6 .  
5 min when h - 0.1 and 30 s when h = 1 mm. Thus, when the  layer  depth hr.z 
grown t o  1 m , t h e  i n s t a b i l i t y  should grow quickly, with a horizontal  vavelengtli 
appro xi mat el^ equal t o  the  depth of 6 mm. These a r e  roughly the  same values 
observed f o r  both the  upshooting and donshooting c e l l s .  The finite-emplitude 
analysis  of Whitehead and Luther indica tes  t h a t  the  planform of the  motion 
should be  hexagonal, v i t h  the  s ign  of the  motion so  t h a t  the  f l u i d  J e t s  out of 
t h e  t h i n  layer. This r e s u l t  is  a l s o  confirmed by t h e  present r e su l t s .  
Once the  motion has been established by the  unstable density in ter face  
(cor-eaponding t o  the  parameter R discussed i n  t h e  introduction),  it continues AP 
without stopping. This is i n  contrast  t o  the  c l a s s i c  Rayleigh-Tavlor problem 
where the  f l u i d  spout necks down and becomes a bubble a t  the  other  boundary. 
The continuing flow must be due t o  t h e  e f fec t  of l a t e n t  heat  re lease ,  which i s  
of t h e  proper sense and magnitude. But the  f a c t  t h a t  t h i s  latent-heat driven 
convection needs the  finite-amplitude Rayleigh-Taylor flow t o  kick it off  and 
a small temperature gradient t o  keep it going would surely complicate analysis 
of t h e  flow. 
4. COMBINATION OF RAYLEIGH-TAY LOR AND RAY LEIGH-BEXAFUI INSTABILITIES 
When an already-existing thermal convection flow i n  a s ingle  phase i e  nl- 
t e red  by s l igh t ly  char~ging the  mean temperature (keeping AT the  same) so tha t  
the  phaee change occurs a t  one of t h e  boundaries, the  planform of the  convection 
is immediately al tered.  With t h e  lower p la te  temperature just above T the  
c ' 
flow changes from r o l l s  t o  c e l l s  with upshooting centers .  This condition is 
shown i n  F igu re  8 where AT = 2'~. Parcels of f l u i d  go r i g h t  through the  phsae 
boundary as discussed i n  S e c t i o n  3, except with much grea ter  speed. Becsue  of 
the  c i r c ~ l a r  symmetry of the  i n i t i a l  thermal convection flow the  upshooting 
part6 of the  c e l l s  are arranged around the  c i r c l e  of up-flow and the  center. 
'igurc 8. Thermal convection w i t h  phase change. I.t,ver boundary is j u s t  
above the phase-change temperature. Cells have upgoing 
centprn. A T  = 3 0 $ ,  
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When the  upper p l a t e  temperature is  ,just below T the  c e l l s  have downshooting 
c ' 
centers and a re  arranged around t h e  downflow r i n g  of t h e  i n i t i a l  flow. This is 
shown i n  Figure 9, where t h e  dark l i n e  is  approximately 2d. I n  both cases, the  
flows a re  steady s t a t e .  
The changing of t h e  convection planform from r o l l s  t o  hexagons when some- 
thing is present t o  d is turb  t h e  v e r t i c a l  symmetry of t h e  flow i s  akin t o  the  
work of Busse (1962) f o r  v e r t i c a l  variat ions i n  proper t ies  and Krishnamurti 
(1968, 1975) fo r  time var ia t ions  and boundary suction. In  each case the  ve r t i -  
ca l ly  symmetric r o l l s  must give way t o  the  asymmetric hexagons. When convec- 
t i o n  occurs i n  a l iquid ,  f o r  example, the  hexagons must have upshooting centers  
so  t h a t  the  j e t  occurs i n  the  low-viscosity, w a r m  f lu id .  Gas hexagons go the  
other  way, because the  low viscos i ty  is i n  the  cold f lu id .  In t h e  present 
case the  Rayleigh-Taylor i n s t a b i l i t y  provides the  asymmetry t o  cause the  change 
i n  planform. The l a t e n t  heat re lease  is  avai lable  t o  make the  motion go f a s t e r ,  
but s ince it is present i n  both updraft and downdraft, t he re  is no contribution 
t o  asymmetry. 
5. SUMMARY AND CONCLUSIONS 
The laboratory experiments described here have explo-ed t h e  e f f e c t  of phase 
change on buoyancy-driven flows i n  a horizontal  layer .  Thermal convection i n  
each phase separately gave a bas is  with which t o  compare the  two-phase r e s u l t s  
and showed t h a t  t h e  anisotropies of the  l iquid-crys ta l  working f l u i d  d i3  not 
grea t ly  a f fec t  the  r e s u l t s ,  When no appreciable thermal gradient  was present 
and the  phase boundary was unstable, the  experimental r e s u l t s  correspond t o  
the  analysis of Whitehead and Luther (1975). The continuation of flow after 
its i n i t i a t i o n  by the  unstable phase boundary i~ a new r e s u l t  and i s  unique 
t o  these experiments. The re lease  of l a t e n t  heat as the  f l u i d  passes through 
Figure 9 .  Thermal ~ u ~ ~ v e c r ~ u s  w r  r  p ~ , - =  L. . - . .~=~  ~ p p e t  uuunoery 1s just b e l w  
the phase-change temperature. Cells have downgoing centers. 4 7  = 
2%. length of dark bar is approximately twice the  f l u i d  depth. 
t h e  phase boundary must be t h e  primary cause of t h i s  quasi-steady flow. 
m % n  thermal convection e x i s t s  i n  t h e  presence of a phase change, t h e  plan- 
form was observed to be c e l l u l a r ,  i n s t ead  of t h e  r o l l s  i n  thermal convection 
alone. The cause of t h i s  change i n  planfonn is  t h e  v e r t i c a l  asymmetry due 
to f l u i d  shooting out from t h e  t h i n  l e y e r  across  t h e  dens i ty  d iscont inui ty  
of the in te r face .  
The r e s u l t s  have shown t h a t  a s teady convection flow can e x i s t  r i g h t  
through 8 phase boundary, and t h a t  t h e  flow is  profoundly changed by 
pr-.sence of a change of phase. The l i m i t s  of t h e  lsbora-tory and camp . ?y 
of  t h e  problem l i m i t  t h e  a p p l i c a b i l i t y  of t hese  r e s u l t s  t o  phase-change flows 
i n  geophysics, meteorology, and as t rophys ics ,  however. The geophysical case 
t h a t  may be applicable t o  mantle convection, where t h e  heaty f l u i d  l i e s  below, 
cannot be a t ta ined  i n  t h e  laboratory.  Geological flows: such a s  selt domes 
and volcanism a r e  p e r h a y  b e t t e r  modeled by f l u i d s  with v a s t l y  d i f f e r e n t  viscosi-  
t i e s ,  as used by Whitehead and Luther, The meteorological case of cumulus con- 
vect ion driven by l a t e n t  hea t  r e l ea se  is  ce r t a in ly  an important one and has been 
t h e  obJect of previous laboratory experiments. I n  such a case, t h e  re lease  of 
l a t e n t  heat occurs only i n  t h e  updraf t  regions,  which i s  d i f f e r e n t  from the  
f l u i d  used here. 
I n  marine stratocumiilus l aye r s  t h a t  w e  driven by l a t e n t  hea t  re lease  the  
densi ty  i n t e r f ace ,  i . e . ,  t h e  boundary between the  marine l w e r  and the  f r e e  at-  
mosphere, i s  a s t a b i l i z i n g  inf luence  ( i n  con t r a s t  t o  t h e  mantle convection where 
l a t e n t  heat i s  s t a b i l i z i n g  and t h e  densi ty  i n t e r f a c e  des t ab i l i z ing ) .  So t h e  
present  r e s u l t s  do not apply, because i n  each of t hese  cases  t he  p r inc ipa l  
dr iv ing  forces  a r e  i n  t h e  wrong sense r e l a t i v e  t o  each o ther .  It appears that 
t h e  f l u i d  used i n  these  experiments cannot be used t o  d i r e c t l y  model 
geophysical ly  r e l e v a n t  experiments.  However, t h e  r e s u l t s  do show t h a t  the  l a t e n t  
hea t  r e l eased  i n  t h e  phase change can keep the  f l u i d  ibe:'.ion when i t  would 
h - 
.* 
o r d i n a r i l y  d i e  ou t ;  and t h e  d e n s i t y  d i f f e r e n c e  a c r o s s  t h e  phase boundary can 
c h a n ~ c  t h e  usual. convec t io~ .  r o l l s  t o  c e l l s .  Both t h e s e  e f f e c t s  a r e  s i m i l a r  
t o  those  t h a t  l i k e l y  occur when ,:base change is presen t  i n  geophysical  o r  
meteorological  convection flows.  
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APP ROVAL 
AN EXPERIMENTAL INVESTIGATION OF CC'NVECTION I N  A 
FLUID THAT EXHIBITS PHASE CHANGE 
By D. E .  F i t z j a r r a l d  
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